Six experiments were conducted to determine the true digestible valine requirement of 5-to 20-kg pigs. In Exp. 1, a valine-deficient diet for 5-to 10-kg pigs was developed and validated in terms of growth performance in response to supplemental L-valine. A different basal diet was validated for 10-to 20-kg pigs in Exp. 2. Both diets were demonstrated to be deficient in valine and to support performance equivalent to typical nursery diets when fortified with L-valine. In Exp. 3, true ileal digestibility of valine in the two basal diets was determined in eight pigs fitted with a simple T-cannula at the terminal ileum. Another four pigs received an enzymatically hydrolyzed casein-based diet to determine endogenous contributions to collected ileal digesta. The two diets were found to have true valine digestibilities of 82% (5-to 10-kg pigs) and 86% (10-to 20-kg pigs). In Exp. 4, 80 weaned pigs (5.8 kg) were offered the basal diet fortified with five incremen-
Introduction
Previous results from our laboratory (Mavromichalis et al., 1998) indicated that valine is a second co-limiting amino acid (with methionine, threonine, and tryptophan) in a low-protein corn-soybean meal-whey-based diet for nursery pigs in the weight range 10 to 20 kg. This suggested that current estimates of the valine requirement and(or) its ideal ratio to lysine for nursery pigs may be underestimated. Indeed, the optimal valine:lysine ratio for young pigs is only 68% (Chung and 1 Appreciation is expressed to Nutri Quest, Inc., Chesterfield, MO, for both financial and material support of this research. 1223 tal doses (0.08%) of L-valine. Weight gain increased quadratically (P < 0.05) with increasing levels of valine. Broken-line analysis revealed a true digestible valine requirement of 0.86 ± 0.03%. In Exp. 5, the true digestible valine requirement of 10-to 20-kg pigs was estimated with 120 pigs (10.9 kg) using the second basal diet fortified with six incremental doses (0.05%) of Lvaline. The data suggested a digestible valine requirement level of about 0.775%, which was reevaluated in Exp. 6, wherein pigs did not respond to levels of digestible valine higher than 0.775%. In conclusion, requirement estimates were 2.50 and 2.22 g of true digestible valine per megacalorie of ME for 5-to 10-and 10-to 20-kg pigs, respectively. These empirical estimates are in close agreement with recent estimates of the National Research Council Subcommittee on Swine Nutrition of 2.48 and 2.11 g of true digestible valine per megacalorie of ME, respectively. Baker, 1992; Baker, 1997) , whereas in broiler chicks it is closer to 80% (NRC, 1994) . There are no relevant empirical estimates of the valine requirement for young pigs (NRC, 1998) . The only published estimates on valine requirements for weanling pigs originate from early studies by Jackson et al. (1953) and Mitchell et al. (1968) with low-lean pigs that did not grow at optimal rates by contemporary standards. The most recent work on valine requirements in pigs by Lewis and Nishimura (1995) estimated the valine requirement of average-lean finishing (75 kg) pigs to be about 0.50% of the diet. Thus, it is important to obtain accurate estimates of the valine requirement of nursery pigs (5 to 20 kg) to allow formulation of low-protein diets properly fortified with limiting amino acids.
Experimental Procedures
All experimental procedures were approved by the University of Illinois Committee on Laboratory Animal Care. In all experiments, female and castrate crossbred pigs (line 326/337 sire × C22 dams; PIC, Franklin, KY) from the University of Illinois swine research farm were used. Pigs were weaned at 21 ± 2 d of age (without prior access to creep diets) into an environmentally controlled nursery facility with 100% expanded-metal flooring. Each pen (1.2 m 2 ) was equipped with a five-hole selffeeder and one nipple waterer to allow ad libitum consumption of feed and water. Temperature at the animal level was 28°C initially and was lowered by 1.5°C each week thereafter. Pigs were assigned to uniform blocks based on ancestry and BW. They were then allotted randomly from within blocks to pens and treatment diets. Pigs and feeders were weighed at the beginning and the end of the assay to allow calculation of average daily gain, average daily feed intake, and gain:feed ratio.
Experiments 1 and 2 (Diet Development)
The purpose of these experiments was to determine the growth response range to valine and to ascertain whether the valine-deficient basal diets (Table 1) , when fully fortified with valine, would support growth performance equal to that achieved with typical nursery diets. Diets were fed in meal form, and dietary additions were made at the expense of cornstarch. Two valine-deficient basal diets were developed (for 5-to 10-and 10-to 20-kg BW ranges) after several attempts were made to manipulate a variety of ingredients containing relatively low levels of valine. All diets met or exceeded NRC (1998) recommendations, with the exception of valine in the two basal diets. The total valine concentration in basal diets for 5-to 10-and 10-to 20-kg pigs was 0.90 and 0.64%, respectively. Current estimates (Baker, 1997; NRC, 1998) set the total valine requirement for the same BW ranges at 0.92 and 0.79%, respectively. The concentrations of the rest of the amino acids in basal diets were at least 120% of NRC (1998) required levels, with the exception of leucine and isoleucine, which were set at or only slightly above 100% of their requirements to avoid possible antagonism phenomena among the branchedchain amino acids (Harper et al., 1984) .
Chemical analysis of the two valine-deficient assay diets showed that isoleucine was above the NRC (1998) requirement estimate for 5-to 10-and 10-to 20-kg pigs. Leucine in the basal diet for 5-to 10-kg pigs was well above the estimated NRC (1998) requirement, and it was very close to the requirement estimate for 10-to 20-kg pigs. Using NRC (1998) estimates of true amino acid digestibility in feed ingredients together with previous digestibility estimates for gelatin (Boomgaardt and Baker, 1972; Parsons et al., 1982) , calculated true digestible levels of leucine and isoleucine in the valine-deficient basal diets (Table 1) were estimated to be at or slightly above true digestible requirement estimates of NRC (1998). Because it was critical that responses to valine should not be limited by marginal dietary levels of leucine and(or) isoleucine, a preliminary 14-d assay was done with 10-kg pigs to determine whether the valineassay diet (Table 1) for 10-to 20-kg pigs, made superadequate in valine, would respond to additional supplemental leucine (0.20%) and isoleucine (0.15%). These additions did not increase weight gain or feed conversion, and, in fact, they numerically decreased weight gain.
The basal valine-deficient diets contained an estimated 3,445 and 3,487 kcal ME/kg for 5-to 10-and 10-to 20-kg pigs, respectively, based on ME values provided by NRC (1998). For ME values of ingredients (animal plasma, amino acids, fat source) not provided by NRC (1998) , ME values were assumed to be 3,895 kcal/kg for animal plasma, 4,000 kcal/kg for amino acids, and 8,400 kcal/kg for the animal-vegetable fat mixture.
Branched-chain amino acid concentrations in basal diets were quantified by ion-exchange chromatography (Spackman et al., 1958 ) following hydrolysis in 6 N HCl at 105°C for 48 h. This hydrolysis time has been shown to release more of the branched-chain amino acids than the more conventional 24-h hydrolysis time (Robel and Crane, 1972; Albin et al., 2000; Wubben et al., 2000) . Lysine was quantified following 24-h acid hydrolysis, and CP was determined by the macro-Kjeldahl procedure (AOAC, 1999) .
In Exp. 1, 48 weaned pigs with an average initial BW of 5.2 kg were used in four replicates during a 14-d feeding period (21 to 35 d of age). Dietary treatments included: 1) a typical complex diet, which served as the positive control; 2) the valine-deficient basal diet for 5-to 10-kg pigs, which served as the negative control; and 3) the basal diet fortified with 0.50% L-valine. Thus, there were four pens of four pigs on each of the three dietary treatments.
In Exp. 2, 60 pigs with an average initial BW of 10.7 kg were used in five replicates during a 14-d feeding period (35 to 49 d of age). Pigs had access to a typical complex starter diet from weaning until the beginning of the assay. Each of the three diets in Exp. 2 were fed to 20 pigs, consisting of five pens of four pigs. Dietary treatments included 1) a typical corn-soybean meal diet, which served as the positive control; 2) the valine-deficient basal diet for 10-to 20-kg pigs; and 3) the basal diet fortified with 0.50% L-valine. Data from pen means were subjected to ANOVA procedures appropriate for randomized complete-block designs (Steel et al. 1997 ) using the GLM procedures of SAS (SAS Inst. Inc., Cary, NC). Means were separated with the least significant difference statistic from the pairwise multiple comparison procedure (Carmer and Walker, 1985) with alpha set at 5%.
Experiment 3 (Digestibility Assay)
This experiment was conducted to determine the true ileal digestibility of valine in the valine-deficient basal diets. For this purpose, 12 pigs were removed from their dams at 10 d of age and were fitted with a simple Tcannula as described previously (Mavromichalis, 2000; Mavromichalis et al., 2001) . The pigs were then returned to their dams for a 7-d recovery period, after which they were weaned and moved to an environmentally controlled nursery facility where they were offered diets typical for their age and weight. At approximately 13 kg BW, following a 24-h period of feed deprivation, four pigs were randomly selected to receive each of the valine-deficient basal diets fortified with 0.5% chromic oxide (as an indigestible marker). The remaining four pigs were fed a highly digestible diet (Table 2) that was based on cornstarch and enzymatically hydrolyzed casein (Donkoh and Moughan, 1999) . The purpose of the latter diet was to assess the contribution of endogenous amino acid secretions in the presence of proteinaceous feed. This procedure has been demonstrated to provide a higher degree of accuracy compared with protein-free feeding, starvation, or regression methodologies for estimating losses of endogenous amino acids (Butts et al., 1993; Donkoh et al., 1995; Rutherfurd and Moughan, 1998) . Pigs had free access to their respective diets in meal form. Water was also available for ad libitum consumption via a nipple waterer. Pigs were housed in individual pens (1.2 × 0.5 m) in an environmentally controlled facility set at 23°C with 24-h constant lighting.
Following a 5-d adaptation period, ileal digesta were collected hourly for 2 d in two 10-h blocks between 0700 and 1700 as described in Donkoh and Moughan (1999) . Digesta from each pig was kept at −20°C until the end of the collection period. Samples were then thawed rapidly to 4°C, pooled for each pig, mixed, lyophilized, and finely ground. Diets and digesta were analyzed for Cr (Fenton and Fenton, 1979) and valine following 48-h HCl hydrolysis.
Experiment 4 (Requirement Assay for 5-to 10-kg Pigs)
The objective of this experiment was to assess the valine requirement for maximal growth of 5-to 10-kg nursery pigs. A total of 80 weaned pigs with an average initial BW of 5.8 kg were used in four replicates during a 14-d feeding period (21 to 35 d of age). Five dietary treatments were used, with four pens of four pigs receiv- ing each experimental diet. The valine-deficient basal diet (82% true ileal valine digestibility) that had been validated in Exp. 1 was used, and five levels of L-valine were evaluated. The true ileal digestible valine levels were provided in the range of 0.74 (basal) to 1.06%. Based on the current requirement estimate of 0.81% true ileal digestible valine (NRC, 1998) , it was expected that these concentrations would represent both the linear and plateau regions of the growth curve. Animal housing and management, data collection procedures, and chemical analyses were as described for Exp. 1.
Data from pen means were subjected to ANOVA procedures appropriate for randomized complete-block designs (Steel et al. 1997 ) using the GLM procedures of SAS (SAS Inst. Inc., Cary, NC). Polynomial regressions were used to determine the presence of linear, quadratic, and cubic treatment effects as L-valine levels were increased. Pen means data for weight gain were also fitted to a least-squares single-slope broken-line model (Robbins et al., 1979; Robbins, 1986) .
Experiments 5 and 6 (Requirement Assays for 10-to 20-kg Pigs)
In Exp. 5, 120 pigs with an average initial BW of 10.9 kg were used during a 16-d feeding period (35 to 51 d of age). Five pens of four pigs were offered each of the six treatment diets that consisted of 0.05% increments of L-valine added to the valine-deficient basal diet (86% true ileal valine digestibility) that had been validated in Exp. 2. The experimental diets ranged from 0.55 (basal) to 0.80% true digestible valine. Based on the current requirement estimate of 0.69% true ileal digestible valine (NRC, 1998), it was expected that these concentrations would represent both the linear and plateau regions of the growth curve. Animal housing and management, data collection procedures, chemical analyses, and statistical analyses were as described for Exp. 4.
In Exp. 6, 48 pigs with an average initial BW of 10.6 kg were used in four replicates, during a 14-d feeding period (35 to 49 d of age). There were four pens of four pigs on each of three dietary treatments. Pigs were offered the basal diet fortified appropriately with Lvaline to achieve dietary concentrations of true ileal digestible valine of 0.775, 0.855, and 0.935% to determine whether the valine requirement of pigs in this weight range exceeded 0.775%. Animal housing and management, data collection procedures, chemical analyses, and statistical analyses (linear and quadratic effects only) were as described for Exp. 4.
Results and Discussion
In Exp. 1 and 2, pigs fed the valine-deficient basal diets had depressed growth performance (P < 0.05) com- pared with pigs offered the positive control diets (Table  3) . However, when the basal diets were fortified with ample quantities of L-valine to clearly exceed established requirements (NRC, 1998) , weight gain and gain/ feed were restored to positive-control levels (P > 0.10), although feed intake remained lower (P < 0.05) in Exp.
2. This suggested that these diets 1) were suitable for valine dose-titration studies, 2) were limiting only in valine, and 3) would support excellent performance when properly fortified with valine. Formulating an efficacious valine-deficient diet for nursery pigs was extremely difficult, especially for pigs in the 10-to 20-kg weight range, because of the relatively high concentrations of valine in conventional ingredients (NRC, 1998) . Only by using peanut meal and gelatin, which contain 4.03 and 2.55 g of valine per 100 g of CP, respectively, did it become possible to achieve a low dietary concentration of valine without using excessive amounts of cornstarch and glutamate to compensate for empty space in the diet. The valine digestibility study resulted in values of 82% and 73% for true and apparent valine digestibility of the valine-deficient basal diet used in the valine requirement study for pigs in the 5-to 10-kg BW range. For the valine-deficient basal diet used for the 10-to 20-kg pigs, true valine digestibility was 86% and apparent valine digestibility was 78%.
In Exp. 4, weight gain and feed intake of 5-to 10-kg pigs increased quadratically (P < 0.05) with increasing levels of true digestible valine (Table 4) . Efficiency of feed utilization, however, responded in a cubic fashion (P < 0.04). Broken-line analysis suggested that the true digestible valine requirement for maximal weight gain was 0.86 ± 0.03 (Figure 1 ). Taking into account that the basal diet had about 3,445 kcal ME/kg, the requirement could be translated to 2.50 g of true digestible valine per megacalorie of ME. This value is in close agreement with the recent NRC (1998) estimate of 2.48 g of true digestible valine per megacalorie of ME for pigs in the weight range of 5-to 10-kg. The only empirical studies on valine requirements of weanling pigs (Jackson et al., 1953; Mitchell et al., 1968 ) suggested a total dietary valine requirement between 0.40 and 0.55%. However, the NRC (1998) estimate was based on the ideal protein concept as developed by Wang and Fuller (1989) and Chung and Baker (1992) for modern high-lean pigs.
Unlike the weaned pig study with 5-to 10-kg pigs, the dose-titration assay (Exp. 5) with 10-to 20-kg pigs resulted in data that did not lend themselves to accurate requirement estimation (Table 5) . Weight gain, feed intake, and feed efficiency appeared to increase linearly (P < 0.01) from 0.55 to 0.65% true digestible valine. However, after seemingly plateauing at this point, further weight gain and feed efficiency increases The basal diet (0.55%) true digestible valine) used in Exp. 5 was supplemented with 0.225% L-valine, and 0.08% L-valine increments were evaluated. c NS = nonsignificant (P > 0.10).
were evident as higher levels of valine were fed. The results suggested that the true digestible valine requirement of 10-to 20-kg pigs might be between 0.75 and 0.80%. Therefore, we conducted another study to investigate whether growth performance could be enhanced by digestible valine levels greater that 0.775%. Indeed, growth performance was not improved by levels of true digestible valine greater than 0.775% in Exp. 6 (Table 6 ). Therefore, we concluded that young growing pigs between 10 and 20 kg require no more than 2.22 g of true ileal digestible valine per megacalorie of ME, which is somewhat greater than the recent NRC (1998) estimate of 2.11 g of true digestible valine per megacalorie of ME.
Implications
It seems that the valine requirement of weaned pigs as determined empirically in our studies is in close agreement with the 1998 National Research Council (NRC) factorial estimates. Weaned pigs (21 d of age and between 5 and 10 kg body weight) required 2.50 g of true ileal digestible valine per megacalorie of metabolizable energy (ME), which is in close agreement with the 1998 NRC estimate of 2.48 g of digestible valine per megacalorie of ME. However, young growing pigs between 10 and 20 kg required 2.22 g of true ileal digestible valine per megacalorie of ME, which is only slightly greater than the 1998 NRC estimate of 2.11 g of true digestible valine per megacalorie of ME.
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